A new method of mitigating (arresting) the growth of large (>200 m diameter and depth) laser induced surface damage on fused silica has been developed that successfully addresses several issues encountered with our previously-reported 5, 6 large site mitigation technique. As in the previous work, a tightly-focused 10.6 m CO 2 laser spot is scanned over the damage site by galvanometer steering mirrors. In contrast to the previous work, the laser is pulsed instead of CW, with the pulse length and repetition frequency chosen to allow substantial cooling between pulses. This cooling has the important effect of reducing the heat-affected zone capable of supporting thermo-capillary flow from scale lengths on the order of the overall scan pattern to scale lengths on the order of the focused laser spot, thus preventing the formation of a raised rim around the final mitigation site and its consequent down-stream intensification. Other advantages of the new method include lower residual stresses, and improved damage threshold associated with reduced amounts of redeposited material. The raster patterns can be designed to produce specific shapes of the mitigation pit including cones and pyramids. Details of the new technique and its comparison with the previous technique will be presented.
INTRODUCTION
Inertial confinement fusion (ICF) class laser systems will typically expose high-value, fused-silica optics to fluences near their damage threshold. Considerable work has been done to develop techniques to mitigate growth of damage sites which may be initiated on these optics. The most commonly used method at this time for mitigating the surface damage on fused silica optics employs a 10.6 m wavelength CO 2 laser to melt or evaporate the damage [1] [2] [3] [4] [5] [6] [7] (mitigation with a 4.6 m CO 2 laser has also been demonstrated 8, 9 ). The 10.6 m radiation is effective because it is strongly absorbed within a few microns of the fused silica surface.
The surface shape modification produced by mitigation can lead to intensification of the laser light passing through it during laser operation. It is critical that the intensified light remain below the damage threshold of other downstream optical surfaces in the laser system. If mitigation involves evaporation, fused silica vapor or particles re-deposited on the surface can damage on subsequent exposure to high fluence laser light. Avoiding this problem is another requirement of the mitigation process. Rapid cooling of the fused silica melted during mitigation leads to residual stress. If this stress is too high, subsequent laser damage near the stressed region can cause long surface cracks to open that are not amenable to mitigation. It is therefore important to avoid excessive residual stress from the mitigation process.
Here we describe a new technique of evaporative mitigation that corrects problems of downstream intensification, redeposited material, and residual stress that occurred with the previous evaporative technique that we have reported. 5, 6 The primary advantage of evaporative mitigation is its scalability to large damage sites with lateral dimensions >200 m and subsurface cracks deeper than 200 m. In this report we will emphasize its application to such large damage sites.
THE PREVIOUS EVAPORATIVE MITIGATION TECHNIQUE
The previous evaporative mitigation technique is illustrated schematically in Fig. 1 . In the first step, the laser damage is completely evaporated by rapidly scanning the tightly focused laser spot over the damage site with the laser operating CW. The bright circular ring indicates the location of the raised-rim around the mitigation pit as shown in Fig. 2a . The rim is the result of thermo-capillary flow under large temperature gradients (the Marangoni effect 10 ). The outer portions Figure 1 . Optical microscope images of the steps involved in the previous evaporative mitigation technique. Crossed-polarizers placed before and after the sample in the last two images reveal the birefringence pattern caused by stress. of the rim refract light toward the center as illustrated in Fig. 2b . This refracted light focuses downstream to create an intense, on-axis hot-spot shown in Fig. 2c that could damage other optical surfaces.
To reduce the intensity of the on-axis hot-spot, the circular symmetry of the raised rim is broken-up by a series of randomly placed, small evaporation "dimples" as seen in Fig. 1 . The resulting downstream intensification pattern is shown in Fig. 2d . However, "dimpling" generates a significant amount of re-deposit surrounding the mitigation site as indicated by the gray areas in Fig. 1 and shown in the left micrograph of Fig. 3 . To avoid subsequent laser damage caused by this re-deposit, it is re-melted at temperatures below the evaporation temperature with an enlarged laser spot (right micrograph of Fig. 3 ). The rapid cooling after this process in turn leads to high residual stresses that must be annealed with yet another, larger laser spot as shown in Fig. 1 . Figure 3 . Optical microscope images of the re-deposit surrounding the mitigation pit caused by "dimpling" of the rim before (left) and after (right) re-melting.
Thus, this evaporative mitigation technique involved 4 steps with optical configuration changes for the last 2 steps. In addition, it was somewhat sensitive to the position of the focusing lens and laser power, especially in the re-melting step where insufficient melting does not increase the damage threshold of the re-deposit enough, and excessive melting regenerates high downstream intensification. For these reasons it was of questionable suitability for an optical damage mitigation facility to treat ICF-class optics.
THE NEW EVAPORATIVE MITIGATION TECHNIQUE
As with the previous technique, the new technique † also involves scanning the tightly focused laser spot (~130 m 1/e 2 -diameter) over the mitigation site using galvanometer driven scanning mirrors. One critical difference is that the laser is now operated in a pulsed mode as opposed to the CW mode used previously. Pulse lengths are typically less than 50 s. The power during the pulse is roughly 3 times the CW power used in the previous method. The result is that evaporation is much more rapid taking place at temperatures estimated to be between 4000K and 5000K compared to 3000K in the previous technique. The other critical difference is that the pulse repetition frequency (PRF) is selected to allow substantial cooling between pulses.
‡ The result is that thermo-capillary flow is limited in space to dimensions of the order of the laser spot, and times of the order of the pulse duration. By contrast, areas comparable to the entire scan pattern are heated to melting temperatures in the previous technique. This resulted in thermo-capillary flow over these large areas during the entire evaporation process lasting several hundred milliseconds.
As will be seen below, the spatially and temporally limited thermo-capillary flow of the new technique leads to a much smaller raised rim eliminating the need for "dimpling" The very high evaporation rates resulting from the high evaporation temperatures lead to minimal re-deposit eliminating the need for re-melting. The lower average power, ~1 W compared to >10 W previously, leads to negligible residual stress eliminating the need for annealing. Thus, the new process involves only the single evaporation step compared to the 4 steps needed previously with their associated configuration changes. This makes the new process much more suitable for a production facility. An additional and very important benefit is the ability to control the final shape on scales larger than the laser spot size.
A schematic diagram of the mitigation system is shown in Fig. 4 . A 100 W, 10.6 m wavelength, commercial, RFexcited, waveguide, CO 2 laser is operated at 10 kHz with a 50% duty factor. A commercial acousto-optic modulator † U.S. Patent Application No. 12/818094 ‡ ‡ The calculated thermal diffusion time for fused silica over the laser spot dimensions is of the order of the 500 s time between pulses at 2 kHz. operated synchronously at a sub-multiple of the 10 kHz deflects pulses at the peaks of the laser output waveform into the first order diffracted beam. Sub-multiple PRFs range between 250 Hz to 2 kHz depending on the particular mitigation shape and size desired. A quarter waveplate converts the linear polarization to circular in order to eliminate asymmetries in the mitigation shape resulting from polarization effects. The beam is then expanded to ~20 mm by a commercial beam expander before entering the 2-axis, commercial galvanometer scanner. The output of the scanner is focused onto the fused silica optic by a ZnSe lens. An optional vacuum nozzle may be used to control the evaporated material. We have found that a conical shape is best suited in most instances for mitigation. Reasons include minimization of the mitigation site footprint and evaporated material, an even perimeter, and the decrease in intensity of the light refracted from the walls with propagation distance. To generate the cone, a scan pattern like the one illustrated schematically in Fig. 5a is used. The pattern consists of a series of concentric circles. The initial radius is the cone radius. After completion of each circle the radius is decreased by an amount in the figure (typically 20 m) . This continues until the radius becomes zero. Then the radius starts increasing until it is less than the initial cone radius. Then the decreasing radius pattern starts again from the cone radius minus /2. This sequence continues until the ever decreasing starting radius reaches zero. The scan direction around the circles alternates between clockwise and counterclockwise to reduce any systematic effects on the shape of the mitigation site surface. A measured surface profile of a typical 2 mm diameter, ~350 m deep cone is shown in Fig. 5b . A photo of a cone is shown in Fig. 5c . Fig. 6 shows microscope images of a representative large damage site (left) and a typical mitigation cone produced by this process (right). The damage is completely removed. Surface structure created by the circular scan pattern and the individual pulses can be seen in the walls of the cone. The shape of the final cone is not significantly affected by the presence of the damage site (there is a small effect on the depth). 
ISSUES ADDRESSED DURING THE DEVELOPMENT OF THE NEW TECHNIQUE
Three primary issues were addressed during the development of this new mitigation technique. They were the size and depth of damage sites which could be mitigated, downstream intensification caused by the shape (particularly the raised rim), and management and minimization of re-deposited material. We will describe how these issues were resolved.
The size of damage sites that could be mitigated
The rate at which an optic must be exchanged and serviced is partly determined by the number of shots it can see before growing damage sites become too large to mitigate. As a consequence, it is desirable that the mitigation protocol be able to mitigate as large a damage site as possible. This drives the new mitigation protocol to the largest diameters and depths that can be tolerated within mechanical and optical constraints while still meeting performance requirements. One protocol satisfying these requirements is the 350 m deep cone illustrated in Fig. 7 . The diameter was limited by clipping on the focusing lens for the opto-mechanical configuration of the mitigation facility at the National Ignition Facility (NIF) in Livermore, California. The wall angle was based on observations of laser damage at the perimeter of the site when the wall angle exceeded 24°. It was felt that 18° gave adequate margin.
To determine the largest damage site that would fit inside this cone, it was necessary to know the upper bound of the aspect ratio of the maximum subsurface crack depth of the damage to its maximum transverse dimension. The upper limit of this aspect ratio was found from measurements on a large sample of damage sites spanning transverse dimensions from ~200 m to ~700 m. The subsurface crack depths were measured using a commercial optical coherence tomography system (OCT) 11 and the transverse dimensions were measured using a microscope. Fitting a cylinder with this aspect ratio (0.61) within the boundaries of the cone showed that it could mitigate damage sites with ~475 m lateral extent and ~275 m depth. This has been confirmed by experiment. Figure 7 . (a) Schematic of a mitigation cone superimposed on a damage site whose aspect ratio was a limiting case based on measurements.
Shape effects on downstream intensification
As previously discussed and illustrated in Fig. 2b , the raised rim surrounding a nominally circular mitigation site will produce an on-axis hot-spot (Fig. 2c) that can be intense enough to damage downstream optical surfaces. The rays producing the hot-spot originate from the outer slopes of the rim. The amount of light focused into the hot-spot scales with the area of the outer slope. In general, larger raised-rims focus more light and produce higher intensifications.
Sectional profiles of the raised-rim produced by the previous and new mitigation techniques are shown in Fig. 8 . It is seen that the rim produced by the new technique is roughly an order-of-magnitude smaller in height and width than that from the previous technique. This is a direct result of thermo-capillary flow being restricted to areas of the order of the CO 2 laser spot size in the new technique while the flow in the previous technique took place over areas comparable to the area of the mitigation pit itself.
The resulting on-axis intensifications are compared in Fig. 9 . While the previous technique produces an intensification >5 times the input light level (the measurement saturated at the highest intensification), the intensification with the new technique remained <2.5. The amount of light focused scales with the circumference of the raised-rim as well as its size. The diameter of the 2 mm cone is ~4x the diameter of the mitigation pit of the previous technique (see Fig. 1 ). The measured intensifications are consistent with perimeter and rim size scaling.
The important practical consequence of the small raised-rim generated with the new technique is that the intensification remains below a level that would damage downstream optical surfaces. This eliminates the need for the "dimpling" step that was required with the previous technique. This intensification is an issue particularly for mitigation on the input surface of an optic because of the close proximity of the exit surface. The intensification was reduced to an acceptable level at the exit surface by using smaller diameter cones with steeper walls (wall steepness on the input surface does not present the same damage issue as it does on the exit surface). Smaller diameters help because the intensity of the annular wave-front at the exit surface is proportional to the ratio of its initial radius (the mitigation site radius) to its radius at the exit surface. Steeper walls help because the wave-front diverges more rapidly and thus increase the radius at the exit surface. Two shapes found suitable for input surface mitigation are shown in Fig. 11 (one a cone with parabolic walls). These shapes reduce the intensification 10 mm downstream by ~2x compared to that from the 2 mm diameter cone. Figure 11 . Profiles of mitigation sites which are suitable for input surface mitigation of optics >1 cm thick because of their smaller diameters and steeper walls compared to the 2 mm diameter cone. The surface is at depth=0 and negative depths are in the bulk.
Re-deposited material
The primary advantage of the new technique with regard to re-deposit is the high temperature of evaporation (4000K to 5000K). The resulting high evaporation rate ejects the vapor and condensed nano-particles at high speeds (~1 m/s) away from the surface thus significantly reducing the re-deposit. This is graphically illustrated in Fig. 12 which shows the evaporation plume extending several centimeters away from the surface.
A number of factors affect the amount of re-deposit including the pulse length, the laser power, the PRF, the wall angle of the cone, the scan pattern, and environmental factors such as air flow, humidity, etc. These were optimized to minimize the re-deposit as shown by the scanning electron microscope (SEM) images of Fig. 13 . Whereas the re-deposit consists of a fibrous network of nano-particles before optimization (left image and inset of Fig. 13) , only a few, well separated nano-particles scattered on the surface around the perimeter of the site remain after optimization (right image of Fig. 13 ). Before optimization the damage threshold of the re-deposit was <10 J/cm 2 of 351 nm light. After optimization it was >12 J/cm 2 .
Figure 12. The plume of vapor and condensed nano-particles ejected from the surface during the mitigation process with the new technique. 
SUMMARY
A new evaporative mitigation technique has been developed for laser damage sites on the surfaces of high-value fused silica optics. It eliminates the drawbacks of the previous evaporative technique. The previous technique utilized a 10.6 m wavelength CO 2 laser operating in a CW mode that heated the entire mitigation area to temperatures allowing thermo-capillary flow. As a consequence, significant downstream intensification was caused by the raised-rim around the site, a large amount of re-deposit on the surface was generated, and a high residual stress was produced. This required additional steps in the process to disrupt the circular symmetry of the raised-rim, to re-melt the re-deposit, and to anneal the stress. In contrast, the new technique operates the CO 2 laser in a pulsed mode that limits the thermocapillary flow to an area comparable to the focused spot size. It also allows substantial cooling between pulses. As a result, the raised-rim is reduced in size by an order of magnitude, and the downstream intensification is decreased to acceptable levels. The high evaporation temperatures eject material away from the surface at speeds that leaves a negligible amount of re-deposit in the form of nano-particles. The average power with the new technique is an order of magnitude less than that with the previous technique resulting in very low residual stress. Because of these differences, the new technique involves only a single evaporation step compared to the 4-step process of the previous technique that involved optical reconfigurations for two of the steps. The new technique offers versatility in generating difference mitigation shapes. Fig. 14 shows various shapes that have been evaluated.
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